[1] We analyzed the high-resolution foraminifer isotope records, total organic carbon (TOC), and opal content from an Okinawa Trough core MD012404 in order to estimate the monsoon hydrography and productivity changes in the East China Sea (ECS) of the tropical western Pacific over the past 100,000 years. The variability shown in the records on orbital time scales indicates that high TOC intervals coincide with the increases of boreal May-September insolation driven by precession cycles ($21 ka), implying a strong connection to the variations in monsoons. We also observed possibly nearly synchronous, millennial-scale changes of the ECS surface hydrography (mainly driven by salinity changes but also by temperature effects) and productivity coincident with monsoon events in the Hulu/Dongge stalagmite isotope records. We found that increased freshening and high productivity correlate with high monsoon intensity in interstadials. This study suggests that the millennial-scale changes in monsoon hydrography and productivity in the ECS are remarkable and persistent features over the past 100,000 years.
Introduction
[2] Monsoons play an important role in the latitudinal transfer of heat and moisture between the tropics and high latitudes. Monsoon circulations in East Asia are characterized by continental heating, the development of low pressure on the continent, and moderate-strength southwest winds which bring heat and moisture from the seas to the interior of the continent in the summer. This seasonally reversing wind strongly impacts the regional surface and subsurface ocean circulation, which in turn changes the composition of the underlying sediments, providing a means of monitoring past variability in the monsoon system. The monsoon impacts of ocean circulation as well as sediment core composition changes at geological time scales have been investigated intensively in the Arabian Sea [Clemens et al., 1991 [Clemens et al., , 2003 and in the South China Sea and Sulu Sea [Chen and Huang, 1998; Wang et al., 1999b Wang et al., , 1999a Oppo et al., 2003; Yu et al., 2006] . On orbital time scales, changes of precession ($21 ka cycles) modulate the seasonal distribution of incoming solar insolation, thus the precession variation has long been recognized as a primary forcing of the monsoon changes [Kutzbach and Guetter, 1986; Prell and Kutzbach, 1987] .
[3] Recent paleoclimate data [Wang et al., 2001; Yuan et al., 2004; Cheng et al., 2006; Partin et al., 2007; that have been reconstructed from land-based stalagmite records suggest that the monsoon system in the tropical western Pacific might play an important role in more abrupt, millennial-scale climate changes. Heavy summer monsoon precipitation that discharges enormous amounts of fresh water and sediments into the marginal seas of the tropical western Pacific is considered to be one of the important components of global hydrological cycles. The perturbations of the hydrological cycles may have an impact on thermohaline circulation [Schmittner and Clement, 2002] , an important climate component for driving millennial-scale changes. Ocean records of monsoon variability on the scale of millennia are sporadic Oppo et al., 2003; Oppo and Sun, 2005] or short in time length [Wang et al., 1999b [Wang et al., , 1999a , and thus are not sufficient to determine more regional patterns that could be compared with results from modeling studies [Bush and Philander, 1999; Bush and Fairbanks, 2003; Zhang and Delworth, 2005] . Additional high-resolution records that cover more temporal and spatial scales are therefore needed.
[4] In order to better evaluate the timing of East Asian summer monsoon variations of orbital to millennial scales and their hydrographic impact on surrounding seas, we present here a high-resolution study based on a marine sedimentary core (MD012404) retrieved in an IMAGES program cruise from the central Okinawa Trough (OT), in the East China Sea (ECS) (Figure 1 ). We have measured planktic and benthic foraminifer oxygen isotopes as proxies for estimating regional sea surface hydrography (mainly for salinity, SSS and temperature, SST), and used benthic isotope stratigraphy and planktic foraminifer AMS 14 C dating to establish high-precision age controls. We also used various biogenic components such as total organic carbon (TOC) and opal content as proxies for productivity in the ECS over the past $100,000 years. The preliminary oxygen isotope age model and TOC data have been presented in previous studies [Chang et al., 2005 [Chang et al., , 2008 . On the basis of these initial results, the core is characterized by a high sedimentation rate ($50 cm ka À1 ) that permits observation of not only orbital-scale variations, but also millennial-scale.
[5] The geographic setting of the ECS and OT regions is such that winter and summer monsoon circulations dominate the seasonal patterns of SST and SSS (Figure 2) , winds, precipitation, and runoff over East Asia. The ECS is located off the east coast of the Asian continent that extends around 1300 km from 24°N to 32°N; it occupies more than 800,000 km 2 and is one of the biggest marginal seas in the world. The Changjiang (Yangtze River), one of the largest rivers on the planet, discharges an annual mean of $3.0 Â 10 4 m 3 s
À1
, which accounts for almost 90% of the whole river discharge into the ECS [Beardsley et al., 1985] . Most of the deposited sediments in the ECS shelves are also received from the Changjiang, and the output is greater than $5 Â 10 8 t every year [Milliman and Meade, 1983] . The OT is a tectonically active back-arc-spreading basin extended in a northeast-southwest direction between the ECS shelf and the Ryukyu arc. The opening history of the OT can be dated back to the middle Miocene [Sibuet et al., 1998 ]. Since that time, the OT has been a depositional center in the ECS and has received a large sediment supply from nearby rivers. The main ocean current affecting the OT is the Kuroshio, which flows northward along the eastern coast of Taiwan, with a maximum speed of 100 cm s À1 and a width of 100 km [Liang et al., 2003] . The northeastward flowing Kuroshio follows the curved isobaths and leaves the ECS through the Tokara Strait, south of Kyushu, Japan. The modern flow patterns of the Kuroshio are controlled by the bathymetry of the OT. A northern branch current, the Tsushima Current, flows into the Japan Sea and is affected by the shallow sill depth ($130 m) in the Tsushima Strait. In the south, the intrusion flows into the southern OT that is affected by the sills near Ryukyu Island or the Yonaguni Depression (with water depths ranging from 300 to 600 m) (Figure 1 ). Shelfward intrusion of the Kuroshio is also responsible for inducing cyclonic eddies Tang et al., 2000; Liang et al., 2003] , Figure 1 . Maps showing the location and regional topography of core MD012404 in the Okinawa Trough (OT) and East China Sea (ECS). The flow path of the Kuroshio is indicated by a gray line. Locations of cores we previously studied are shown: 253 [Li et al., 1997] , 255 [Li et al., 1997; Jian et al., 2000] , 170 [Li et al., 1997] , A7 Xiang et al., 2007] , and DGKS9603 [Li et al., 2001] . Submarine topography A showing that the coring site is located in a small topographic low near the western edge of the OT and submarine topography B near an offshore area of northeastern Taiwan showing the sills near Ryukyu Island or the Yonaguni Depression (water depth ranges from 300 to 600 m).
which represent efficient gateways for cross-shelf transfer of nutrients and suspended sediments into the deep ECS.
[6] By examining paleoceanographic proxies from sediment cores from the ECS and OT, long-term observational studies such as that presented here can provide independent insight into the past dynamics of monsoon precipitation, surface water hydrography, and upwelling/productivity of orbital to millennial time scales in the tropical western Pacific. The main objectives of this study are to (1) reconstruct the long-term, millennia-scale surface hydrography and productivity changes of $the past 100,000 years using foraminifer isotope and biogenic component variations in a sediment core retrieved from the OT; (2) determine the timing of the intensity of the monsoon changes in the ECS on the basis of the marine hydrography and productivity records; and (3) evaluate the potential linkages of the monsoon hydrography and productivity variations to those shown in land-based stalagmite monsoon records, and to major global climate forcing factors such as orbital and ice volume/sea level variations. Distributions of modern sea surface temperature (SST) and sea surface salinity (SSS) during January and July. In the summer, more freshwater outflows into the East China Sea are from the Changjiang and the Yellow River. The data are based on the 1994 World Ocean Atlas (WOA) [Levitus and Boyer, 1994] . the total length is 44 m [Bassinot et al., 2002] . The coring site is located in a small topographic low near the western edge of the OT, which is ideal for trapping downward settling biogenic particles in the water column (Figure 1 ).
Data and Methods
Sediments in this core are mainly composed of nearly homogenous nannofossil ooze or diatom-bearing nannofossil ooze. No visible turbidite or tephra layer was found in the core, but pumice and volcanic glass could be observed C dating, and plain arrows indicate the isotope age control points that were used for developing the age model. Bold arrows on the top of the benthic d
18 O indicate short-lived heavy intervals occurring during the timing of Heinrich events in high latitudes [Bond et al., 1992] . (c) A planktic foraminifer d
18 O (shown in blue) from nearby core A7 is plotted for comparison. An enlarged version of age control points chosen for MIS 3 -5, with respect to a stack curve [Martinson et al., 1987] , is shown (bottom curve). Our age control points were chosen on the basis of the correlation between the MD012404 benthic isotope curve and the stack curve. The isotope age control points were adopted from a preliminary study [Chang et al., 2005] , and were determined from choosing the average depths of valley or peak structures shown in the isotope data, and then fine-tuned in order to reach a more stable sedimentation rate for the core.
under the microscope at some depths, perhaps implying the long-distance transport of volcanic materials via the atmosphere and/or the redeposition of the sediments from nearby continentals. Core samples are archived in the core repository and laboratory of the National Center for Ocean Research at Keelung, Taiwan (http://corelab.iag.ntou. edu.tw).
[8] Samples taken from the core at 10 cm intervals were analyzed for benthic (Uvigerina spp.) and planktic foraminifer (Globigerinoides ruber (white), sensu stricto form, 250 -300 mm) isotopes (Figure 3) , and for their carbonate, TOC, and opal contents (Figure 4 ). Planktic foraminifer shells were cracked gently into fragments to remove extraneous materials before the isotope measurements, which were made with a Micromass IsoPrime isotope ratio mass spectrometer at the Geological Survey of Japan, National Institute of Advanced Industrial Science and Technology (AIST) at Tsukuba, Japan. An international standard (NBS-19) was used to calibrate the measured values to a Peedee belemnite (PDB) unit. Machine error based on the analyses of the standards was under 0.05% for the oxygen isotopes and less than 0.03% for the carbon isotopes.
[9] The carbonate and TOC data of the core and their experimental details have been presented by Chang et al. [2005] . We also measured the biogenic opal contents (SiO 2 ) in the samples. Approximately 0.2 g dry powder from each sample was weighed and transferred into a 50 ml polypropylene centrifuge tube. Carbonates and organic matter in the samples then were removed by hydrochloric acid (HCl) and peroxide (H 2 O 2 ). 40 ml 2M Na 2 CO 3 was added to the samples and then they were placed in a water bath and heated to 85°C. Dissolved silica in the extraction was measured by the molybdate blue spectrophotometric method with a Perkin Elmer Lambda Bio 20 spectrophotometer, and the silica contents were translated into opal content by a procedure presented by Mortlock and Froelich [1989] . The standard error was <0.1% in our repeated measurements.
[10] A preliminary age model of core MD012404 has been published previously [Chang et al., 2005] , but that age model was based only on 5 AMS 14 C dating and oxygen isotope age controls from a SPECMAP stack [Imbrie et al., 1984] . In the current study, a new fine-tuned age model for this core was constructed for using 19 Accelerator Mass Spectrometry (AMS) 14 C ages of the last 40,000 years, and oxygen isotope age control points were determined from a correlation between the benthic isotope curve with a more high resolution stack curve [Imbrie et al., 1984; Martinson et al., 1987] (Table 1 and Figure 3 ). The AMS 14 C measurements were done by taking $20 mg of the planktic foraminifers G. ruber and G. sacculifer (>250 mm), dated at the Micro Analysis Laboratory, Tandem Accelerator (MALT), the University of Tokyo. All AMS 14 C ages were adjusted for a mean Pacific reservoir age of 400 years, and then calibrated according to Fairbanks et al. [2005] . We observed no age reversal between any adjacent 14 C dating. Moreover, linear interpolation of all the age points estimates a carbonate low and a shipboard measured magnetic susceptibility high [Bassinot et al., 2002] interval in the Holocene part of the core near 7.3 ka ago, which is very close to a volcanic eruption event, the ''Kikai-Ah'' in Japan [Machida, 2002] (Figure 4 ). The agreement of ages by a correction of 400 reservoir years differs from the 700 years used in one northern OT core study , which may reflect different resolutions of the two cores. Although the reservoir age of the surface water of the western Pacific may vary in time and space, our calibration schemes work well for the age model development of core MD012404, and suggest that the bottom of the core reaches back to the late MIS 5, or approximately 97 ka ago. Given the different construction methods of the age models, however, we consider that the uncertainty of age estimation for the core varies from a few hundred years (0 -40 ka ago) to $5 ka (40 ka ago, the core bottom).
Results

Foraminifer Isotopes
[11] The benthic oxygen isotope record of core MD012404 covers the late MIS 5 to MIS 1, the Holocene (Figure 3 ), on the basis of the results of planktic foraminifer AMS 14 C dating and benthic isotope stratigraphy [Martinson et al., 1987] . The minima and maxima shown in the benthic isotope curve were picked up as MIS age control points ( Figure 3 ). We have identified age control points MIS 3. 13, 3.3, 3.31, 4.22, 4.24, 5 .1, and 5.2 [Martinson et al., 1987] in our benthic isotope curve, while attempting to maintain an overall match of these two curves ( Figure 3 ). In the interval corresponding to MIS 3 ($40-60 ka ago), the benthic isotope curve of MD012404 appears to contain more millennial-scale isotope maxima and minima than those in the stack curve. The different resolutions of two curves increase the difficulty of the wiggle match and thus increase the uncertainty of the age model for this particular time interval. We consider that the uncertainty of the age model in such an interval (i.e., 40-60 ka ago) should be somewhat larger than the average uncertainty of the stack curve ($5 ka). By our age model, the benthic isotopes become heavier from MIS 5 toward MIS 2, with the lightest value (3.2%) at $80 ka ago and the heaviest value (4.5%) at $18 ka ago. Although the measured isotope values are scattered in nearby samples, the general trend after five points smoothing is similar to the global ice volume/sea level changes in the Pacific [Lea et al., 2002; Waelbroeck et al., 2002] . From the LGM (defined as 19-23 ka ago) to the late Holocene (0 -4 ka ago) intervals of the core, the benthic isotope values have become lighter by $1.2%, which is similar to the global average value [Fairbanks, 1989; Schrag et al., 1996 Schrag et al., , 2002 (Figure 3) . Superimposed on the long-term variation, the benthic isotopes show wellresolved millennial to possibly centennial variations of $0.1-0.2%. The heavy benthic isotope value 4.5% near Figure 4 . Multiproxies measured from MD012404 for evaluating monsoon precipitation and productivity changes over the past 100,000 years in the OT: (a) sedimentation rate; (b) reconstructed relative sea level (RSL) curve from 0 to 23 ka ago [Yokoyama et al., 2000; Clark and Mix, 2002; Lambeck et al., 2002; Yokoyama et al., 2007] and 23-97 ka ago [Yokoyama et al., 2001a [Yokoyama et al., , 2001b Thompson and Goldstein, 2005] ; (c) carbonate contents; (d) d 13 C org [Kao et al., 2006b] ; (e) TOC contents compared with (f) 60°N boreal summer insolation (in blue), 30°May (in orange) and September (in pink) insolation variations [Berger, 1978] Figure 5 ) and the differences between benthic and planktic foraminifer oxygen isotopes (Dd 18 O B-P ) (in black) are used as a proxy for hydrographic gradients between the surface and deep water and fluxes of freshwater output into the OT. Sea level estimates for each sample were calculated from the age model for the core using a linear interpolation of the sea level curve. 18 ka ago appears to be a millennial-scale event, but occurs $2 ka before the abrupt cooling of Heinrich event 1 [Bond et al., 1992] . This heavy value is similar to those reported from the southern OT cores [Li et al., 1997 [Li et al., , 2001 , and may represent a millennial-scale deep water event. This heavy benthic isotope interval persists for >1 ka, which implies a large-scale oceanographic change that may have resulted from an intrusion of cold intermediate water from North Pacific high latitudes or a sinking of cold coastal water from the Yellow Sea during deglacial periods [Ono et al., 2005] . In contrast to our planktic isotope curve, no deglacial reversal or Younger Dryas (YD) type of event was found in the benthic isotope record (Figure 3 ). This is consistent with what has been reported from a high-resolution benthic isotope study based on a marine core from the Pacific margin of Japan [Oba et al., 2006] . In the Holocene, the benthic isotope record trends to heavier values from the late Holocene ($6 ka ago) toward the present, exhibiting also the same cooling trend shown in the northern high latitudes of the Holocene [Fisher et al., 1998] (Figure 3) .
[12] The planktic foraminifer isotope record measured from G. ruber of core MD012404 shows larger variations of $0.4-0.5% of the high-frequency oscillations compared with the benthic record (Figure 3) . Regional or local oceanographic effects that change the SST and/or SSS in the OT on these time scales must be taken into account for the variability. Moreover, from the LGM (defined as 19-23 ka ago) to the late Holocene (0 -4 ka ago) intervals, the planktic isotope values have become lighter by $1.7%, which is similar to that have been observed in a nearby core from the OT , and a core from the northern ECS [Ijiri et al., 2005] . The 1.7% change from the LGM to the late Holocene is larger than the global ice volume signal [Fairbanks, 1989; Schrag et al., 1996 Schrag et al., , 2002 . This suggests that the planktic isotope changes, after subtracting the ice volume signal, may leave room for possible surface hydrographic (SSS and SST) changes.
[13] In this study, we use the differences between the planktic and benthic oxygen isotopes (Dd 18 O B-P ) to estimate surface hydrographic changes in the seawater of the OT, by assuming that global ice volume drives similar changes in both records (Figure 4 ). Larger differences may be interpreted as larger gradients in T-S conditions between the bottom and surface water, reflecting warmer and/or fresher surface water conditions in the OT. The global ice volume component is removed from the planktic isotope record using sea level curves [Yokoyama et al., 2000 [Yokoyama et al., , 2001a [Yokoyama et al., , 2001b Clark and Mix, 2002; Lambeck et al., 2002; Thompson and Goldstein, 2005; Yokoyama et al., 2007] (Figure 4) , which reflects the planktic isotope changes due only to local SST and/or SSS (Dd 18 O P-W ). When calculating both of the Dd 18 O, we observed clearly millennial-scale variability throughout the record (Figures 4 and 5) . The millennial-scale variability shown in the Dd
18
O reaches or is greater than $0.5%, which could be translated into a minimum of $2°C or $1 psu [Shackleton, 1974; Oba, 1990; Shimamura et al., 2005] , or a combination of both changes in OT surface water. Standard methods that exist for estimating SSS in paleoceanography involve extracting ice volume and SST influences from planktic foraminifer d O and SSS in seawater. While a full estimate of SST for this core is not available, our initial results using planktic foraminifer fauna assemblages indicate relatively high SSTs during interstadials but with small variability (<1 -1.5°C ± 1°C in annual average, or <1°C ± 1°C in summer) [Chang et al., 2008] , which leaves room for interpreting the millennial-scale changes of Dd
O as contributed by SSS. The fauna SST variability shown here is slightly smaller than that reported when using G. ruber Mg/Ca from an OT core . Although proxy-dependent differences of SST exist between fauna and Mg/Ca methods [Steinke et al., 2008] , the millennial-scale variability shown in our Dd
O records may not be explained fully by SST changes in the ECS. Thus our millennial-scale Dd
O changes may reflect a combined effect from both SSS and SST changes, nevertheless indicating that major climate and oceanographic changes were felt in the surface water of the OT during this time interval.
Biogenic Components
[14] We have measured a combination of biogenic sediment and organic matter proxies from core MD012404 in an attempt to assess the impact of the monsoon and its changes on productivity in the surface water of the OT (Figure 4) . Positive correlations between surface productivity and buried organic matter have been documented previously [Froelich, 1980; Sheu et al., 1995; Calvert, 1996; Agnihotri et al., 2003; Jin et al., 2006] . The use of this multiproxy approach helps us assess any common pattern associated with productivity changes among different biogenic proxies that are probably related to the combined effects of productivity, preservation (dissolution), diagenesis, and differential shelf export (lateral transport) from the Changjiang in the marginal sea.
[15] The carbonate contents display lower values in glacial stages and higher values in interglacial stages (Figure 4) . MIS 5 is characterized by the highest carbonate content in the record, with a mean value of $26%. The carbonate contents have a mean value of $19% in MIS 1, which is significantly higher than the glacial mean value of $14%. The carbonate content variation also mimics global sea level changes. This pattern suggests that the lowfrequency component of carbonate content variations in the OT is mainly driven by terrestrial sediment dilution, not carbonate dissolution. Relatively high sedimentation rates during the glacial period also provide another indication of the terrestrial dilution effect during the glacial (Figure 4) . Several sharp decreases in the carbonate contents are observed at 7.3, 29, 55, and 94 ka ago in the record, on the basis of our AMS 14 C and oxygen isotope age model. Shipboard measured magnetic susceptibility data also show high values corresponding to the carbonate content lows [Bassinot et al., 2002] . The timing of some of these carbonate content lows coincides with those of volcano eruptions that are dated as Kikai-Ah (7.3 ka ago), Aira-Tn (26$29 ka ago), and Kikai-Tz (95 ka ago) on the islands of Japan [Machida, 2002] . We speculate that there has been a long-range transport of the volcanic eruptive particles to the central OT, although direct evidence of the mineralogy or geochemistry of these tephra layers is not available and awaits future studies.
[16] The TOC contents reveal a range from 0.25 to 1.2%. They have been calculated as a carbonate-free basis for removing the dilution effect by carbonate contents. Higher TOC values are observed in MIS 5 and late MIS 2, but values are relatively low in the late Holocene and late MIS 4. High TOC contents are observed in broad intervals near $80 -90, 60, 36, and 10 ka ago on the basis of our 14 C and oxygen isotope age model. The variation of the TOC does not appear to be closely associated with changes in global ice volume, but follows those in summer insolation at 60°N [Berger, 1978] , which exhibits $21 ka precession cycles. Moreover, some TOC maxima or minima correspond more closely to late spring or early fall insolation variations at low latitude. For example, we observe that the TOC maxima at 32 ka ago are associated with May insolation maxima at 30°N; and the TOC maxima and minima at 80-90 ka ago are linked to September insolation maxima and minima at 30°N (Figure 4) . Superimposed on the orbital-scale variations, the TOC displays millennial-scale fluctuations ( Figure 5 ). In the modern surface sediments of the OT and ECS [Kao et al., 2003] (Figure 6 ), high TOC contents restrict their distribution only near the Changjiang river mouth and on the shelf areas, indicating fewer terrestrial TOCs are transported from the Changjiang to the OT (Figure 6) . Moreover, the carbon isotopes of organic matter (d 13 C org ) measured from the bulk sediments of core MD012404 (Figure 4) [Kao et al., 2006b ] indicate a range of values from À20.6% to À21.8%, which also points to a dominant marine origin for the organic matter deposited at this site. Therefore we consider that the TOC content measured from core MD012404 is mainly an indicator of marine productivity, although a minor component of the TOC content is possibly of terrestrial origin or is exported from the Changjiang.
[17] Opal content is often used to refer to high productivity in surface oceans because siliceous microorganisms such as diatoms and radiolarians are major contributors of opal. Siliceous supply from local volcanic activities may change the saturation as well as the preservation level of opal in bottom water. The opal contents of MD012404 (Figure 4) have been recalculated on a carbonate-free basis. The opal contents range from 1.1 to 3.9%, with an average value of 2.1% in the record. Relatively high values for opal content are observed in MIS 5 and MIS 2, but low and stable values typify the Holocene and late MIS 4. Like that shown in the TOC record, high opal content is observed in the broad intervals of $75-85, 50-55, 38-42, and 15-20 ka ago (Figure 4) . The variation in the opal content appears to be tightly coupled with neither global ice volume nor insolation changes, but displays more clearly millennial- 
Discussion
[18] Our multiproxy study on ECS core MD012404 reveals persistent orbital-to millennial-scale surface hydrography and productivity changes in the ECS over the past $100 ka. Three major processes are possibly responsible for the observed patterns of change: (1) changes in precipitation and Changjiang freshwater inflow caused by monsoons and/or other climatic factors in East Asia; (2) marine productivity changes induced possibly by Kuroshio intermediate water (KIW) upwelling, which is in response to the freshwater fluxes from land; and (3) sea level or possible tectonic setting changes in the OT.
[19] The intensity, duration, and spatial distribution of precipitation in the catchment area of the Changjiang determine the output of the freshwater runoff from the Changjiang into the ECS. Although interaction or feedback mechanisms involving evaporation, water vapor transport, wind field, topography and vegetation effects may all play a role in controlling the land precipitation, one 30-year (1971 -2000) monthly and yearly precipitation record (http://cdc.cma.gov.cn/) indicates that the summer season, especially June, is the wettest period in the Changjiang basin, and the average precipitation is greater than 200 mm (Figure 7) . From spring to summer, increased boreal solar insolation strengthens the monsoon winds, which bring heat Figure 7 . Monthly mean precipitation pattern (1971 -2000) at six cities located adjacent to the heavy monsoon rain belt or in the catchment area of the Changjiang (data source, http://cdc.cma.gov.cn/). High precipitation reflects the latitudes of the Intertropical Convergence Zone (ITCZ) and the stationarity of Mei-Yu fronts.
and moisture into the interior of Asia. During these seasons, the Intertropical Convergence Zone (ITCZ) starts to shift to higher latitudes and reaches Changjiang catchment areas; meanwhile, the warm, humid maritime tropical air mass encounters the cold, dry continental air mass from Siberia, which in turn induces the formation of a stationary front that is accompanied by heavy precipitation (Mei-Yu) (Figure 7) . The stationarity of the Mei-Yu rain belt is therefore another mechanism that brings heavy rainfall into the catchment basin of the Changjiang, and increases the freshwater discharge as well as sediment transport into the ECS. One long-term observation of rainfall patterns has also suggested that the El Niño -Southern Oscillation (ENSO) is closely linked to the precipitation in the catchment of the Changjiang [Zhang et al., 2007] . All these climatological observations here suggest that changes in Changjiang catchment precipitation, which respond to the seasonal distribution of insolation in boreal summer and the onset of the East Asian monsoon [Liu et al., 2007] , must be one of the most important factors controlling the SSS in the ECS.
[20] Marine productivity plays an important role in contributing organic matter that sinks into the ECS. A sufficient supply of dissolved inorganic nutrients is a key factor controlling the productivity of the ocean. Mean primary productivity in the ECS is 425 mg m À2 d À1 (varies from 108 to 997 mg m À2 d
À1
), and thus the ECS is one of the most productive areas in the world, serving as a sink in global biogeochemical cycles [Gong et al., 2003] . Satellite data have shown that sea surface productivity in the ECS is higher in the summer and the productive maximum is observed in the coastal area around the estuary of the Changjiang, accompanied by a SST high and SSS low [Gong et al., 2003] . The discharge of nutrients from the Changjiang has long been considered a main source of nutrient input to the ECS [Beardsley et al., 1985] . Previous studies have suggested that the suspended matter in the ECS was blocked by upwelling water from the Kuroshio during the summer, which could be transported to the OT only during the winter because of the retreat of upwelled water back to the OT and more intense surface water mixing caused by cold winds [Milliman et al., 1985b [Milliman et al., , 1985a . However, more recent studies using box model calculations [Chen, 1996; Chen et al., 2004] have suggested that the KIW (Kuroshio intermediate water), which was upwelled to the continental shelf during the summer season, might serve as the dominant route of nutrient supply in the ECS (Figure 8) . A salt balance process between bottom water from the KIW and low-salinity surface water that inflows from the Changjiang estuary might function as a driving force to increase the nutrient upwelling on the continental shelf [Chen and Wang, 1999; Chen, 2000] . In this model, an increased freshwater inflow from the Changjiang brings up more nutrients from deeper water, and consequently the high nutrient level intensifies the surface productivity in the ECS. A 10% decrease of freshwater outflow from the Changjiang will reduce approximately 9% of the cross-shelf water exchange and onshore nutrient supply as well [Chen, 2000] . These oceanographic observation and modeling studies support the view that Changjiang freshwater outflow and possibly its induced KIW upwelling [Chen, 1996; et al., 2004] play a role in controlling the timing of ECS productivity variations on orbital to millennial scales. These studies leave room for further investigation of the geochemical evidence that links to the past dynamics of KIW upwelling.
[21] Besides the monsoon precipitation, the changes in sea level also may have influenced the productivity or preservation of biogenic sediments and organic matter in the OT, since a sea level drop may block the intrusion of the Kuroshio into the OT through a gateway near Ryukyu Island or the Yonaguni Depression area around northeastern Taiwan (Figure 1 ). Reduced intrusion of the Kuroshio water may reduce the ventilation of deep water in the OT, thus favoring the preservation of biogenic sediments and organic matter. One model study [Kao et al., 2006b] has suggested that the Kuroshio intrusion was not significantly reduced until the sea level was set at 135 m below the present level. Such low sea level conditions only happen in MIS 2 during the time scale of our study. Several hypotheses call upon tectonic barriers near the southern Ryukyu or at the Yonaguni Depression [Ujiié et al., 1991; Kao et al., 2006a] that may have efficiently blocked the intrusion of the Kuroshio before $80 ka ago, but this awaits further investigation for evidence.
[22] Our study documents that the orbital-scale productivity changes (in TOC content) in the ECS is more tightly linked to boreal summer (from May to September) insolation variations that exhibit precession cycles of $21 ka [Berger, 1978] (Figure 4) . The timing of the maximum productivity in the ECS at $10 and 55 ka ago observed here coincides with the timing of maximum average insolation of summer (June, July, and August) (Figure 4 ). This observation is consistent with what has been suggested in SCS or Sulu Sea studies that summer monsoon maxima occurred in peak climate warming Yu et al., 2006] . However, our observation also indicates that the ECS productivity variations of some time intervals appear to be linked more closely to late spring or early fall insolation at low latitudes. For example, a productivity maximum at $35 ka ago appears to linked more tightly to a May insolation maximum, and productivity minimum at $85 ka ago seems to coincide with a September insolation minimum (Figure 4) . The varied timing of orbital-scale responses of the monsoon productivity variations observed here suggests that the monsoon precipitation is probably controlled by more complicated mechanisms in East Asia. In particular, the coincidence between the maxima and minima in our monsoon productivity indicators with respect to May and September insolation changes implies that other mechanisms for intensifying precipitation in East Asia such as the late spring Mei-Yu rain belt associated with stationary fronts, and/or more heavy rainy storms brought by typhoons (tropical hurricane) in late summer in the western Pacific, are probably effective as well. We speculate that insolation maxima of precession cycles in May or September may trigger more intensified and/or prolonged Mei-Yu or typhoon seasons, which could raise precipitation level on land, that in turn, elevate the productivity in the surface ocean to as high as that during the summer monsoon seasons from June to August. If this is an explanation for the varied timing of orbital response of productivity that observed in this study, our data thus suggest a strikingly thermal response of precipitation to May or September insolation maxima on precession cycle in East Asia. In contrast to the large responses of precession cycles shown in our productivity record, the variations of precession cycles in our Dd
18
O is minimal. The instance indicates that the Dd
O changes may not solely reflect monsoon-induced salinity changes in our study area. Other processes, such as varied shifting of precipitation from land to sea depending on the strength of summer monsoons Oppo and Sun, 2005] [Tada et al., 1999; Tada, 2004] . The timing of low SSS (and possibly high SST as well) and productivity coincides with the strong monsoon episodes on millennial scales in the stalagmite records [Wang et al., 2001; Yuan et al., 2004; Wang et al., 2005] (Figures 4 and 5 O B-P are not as high as those to the TOC and opal contents, indicating probably the foraminiferal oxygen isotopes are not straightforward monsoon-induced salinity indicators as we explained in our previous discussion on precession cycles. This study, however, suggests that the climate changes over millennial scales are expressed strongly in land and sea in East Asia. The abrupt changes of d
O P-W and d
18 O B-P shown in our record also appear to be dominant and persistent features, irrespective of local sea level changes. Our observation here highlights the importance of proposed mechanisms of millennial-scale changes that link the surface water hydrology in the tropics and the thermohaline circulation in the North Atlantic [Schmittner and Clement, 2002; Zhang and Delworth, 2005] . However, we caution that our age model for the interval between 40 and 60 ka ago is subject to a larger interpretation error (>5 ka), which makes our correlation for this interval more uncertain.
Conclusions
[24] Our OT core studies suggest that the surface hydrography and productivity changes (estimated by using various proxies based on foraminifer isotopes, biogenic sediment components, and organic matter from the core) exhibit noticeable orbital and millennial-scale variations in the ECS of the past 100,000 years. These are related to the combined effects of (1) changes in precipitationand Changjiang freshwater inflow caused by monsoons and/or other climatic factors in East Asia and (2) marine productivity changes induced possibly by KIW upwelling, which is in response to the freshwater fluxes from land. The most remarkable feature of the variability shown in the records is the nearly synchronous, millennial-scale changes in the ECS surface hydrography and productivity coincident with monsoon events in the Hulu/Dongge stalagmite isotope records. Increased freshening and high productivity correlate with high monsoon intensity in interstadials. This suggests that the changes of surface hydrography and productivity in the ECS are driven mainly by monsoon processes, and are probably persistent features that are independent of glacial or interglacial stages. On orbital time scales, our reconstructed productivity (TOC) changes coincide with the increases of boreal May -September insolation driven by precession cycles ($21 ka). One possible mechanism for pacing the synchronous changes between boreal insolation and ECS surface productivity is related to KIW upwelling changes that occur in response to freshwater inflow variations from the Changjiang. This implies that land precipitation might be responsible for the observed high productivity. Our productivity and d
18
O records, however, suggest that the precipitation and SSS patterns in the ECS may have been controlled by more complicated mechanisms. Although we recognize that there is a larger dating uncertainty in the interval of 40 -60 ka ago, we have demonstrated a high-resolution correlation between the land and the marine monsoon records and underscore the need for more records or proxies that could be used to probe the dynamics of ocean processes that respond to monsoon variability.
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